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Abstract
Nitrogen vacancy (NV) centers in diamonds is a promising system for quantum information processing
and quantum sensing, and the control of the quantum state is essential for practical applications. In this
study, we demonstrate a control of all the three transitions among the ground state sublevels of NV centers
by applying external magnetic driving fields. To address the states of a specific NV axis among the four
axes, we apply a magnetic field orthogonal to the NV axis. We control two transitions by microwave pulses
and the remaining transition by radio frequency pulses. In particular, we investigate the dependence of Rabi
oscillations on the frequency and intensity of the radio frequency pulses. Our results pave the way for a
novel control of NV centers for the realization of quantum information processing and quantum sensing.
∗ tatsuma317@keio.jp
† hayase@appi.keio.ac.jp
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Nitrogen vacancy (NV) centers in diamonds is a promising system for the realization of quantum
technology that includes quantum information processing, quantum communications, and quantum
sensing. The established controllability[1, 2] and long coherence time[3–5] shall be prerequisites
for quantum computation. The coherent coupling betweenNV centers and optical photons serves as
a method of realizing quantum communication [6–10]. The spin-spin coupling in diamonds has the
potential to realize a quantum simulator as proposed in [11]. Moreover, owing to the high spatial
resolution and high sensitivity at room temperature and atmospheric pressure, one of the most
practical applications of NV centers is quantum sensing[12–14]. Magnetic fields[13–16], electric
fields[17–22], and temperatures[23–31] have been measured through NV centers in diamonds.
An NV center in a diamond is a spin-1 system, and there are three states in the ground state
manifolds. However, only two of these states are typically controlled, and the remaining state is
not addressed using frequency selectivity. Recently, new schemes have been proposed to use all
the three states in the ground state manifolds; they have demonstrated high-sensitivity magnetic
fields sensing[32], high-sensitivity temperature sensing[24], and AC magnetic field sensing that
does not require pulse control[33, 34]. Moreover, the three levels of the NV centers can be used for
a quantum memory of a superconducting qubits[35–37].Further developments are expected using
the ∆-system[38].
To exploit the full potential of the spin 1 system, it is important to control all the three transitions
among the ground state sublevels of the NV centers. Such full control of the three transitions
has been investigated by using a combination of magnetic fields[39], lasers[40, 41], mechanical
vibrations[42–44], and electric fields[45]. In the existing approach, a complicated fabrication in
diamond is required to realize such full control of the three transitions at room temperature because
such a scheme requires either mechanical vibrations of the diamond[42–44] or an application of
electric fields [45].
In this study, we demonstrate a simple control of the three transitions among the ground state
sublevels of the NV centers using driving magnetic fields at room temperature. Importantly, our
scheme does not require a special fabrication of the diamond substrate, unlike in the case of the
existing scheme[42, 43], which can provide a practical advantage. We implement Rabi oscillations
of two transitions using microwave pulses, whereas we drive the remaining transition using radio
frequency (RF) pulses. We sweep the pulse duration and detect the state of the spin using optical
measurements. In particular, we investigate the dependence of Rabi oscillations on the frequency
and intensity of the RF pulses. Further, we compare the experimental results with the theoretical
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FIG. 1. Energy levels of NV centers (a) Without / (b)With an applied DC magnetic field perpendicular to
one of the four possible crystallographic axes. Under the DC magnetic field, we focus on the NV centers
with axes perpendicular to the applied DC magnetic field by frequency selectivity. When resonant RF field
is applied, Aulter-Towns(AT) splitting occurs and there are four state (dotted lines). The original data is
presented in Ref.[34]
results and observe good agreement between them.
Figure 1(a) details the energy levels of NV centers without an external DC magnetic field. The
spin 1 system has three states: |0〉, |B〉 = 1√
2
(|1〉 + | − 1〉), and |D〉 = 1√
2
(|1〉 − | − 1〉). NV centers
have four possible crystallographic axes, and their levels are degenerate under zero magnetic field.
To address the states of a specific NV axis, we apply a magnetic field orthogonal to one of the
NV axes so that the resonant frequencies of the NV centers with the other three axes become
far-detuned. The orthogonal magnetic field lifts the degeneracy as illustrated in Fig. 1(b), and we
obtain |B〉, |D〉, and |0〉 as the energy eigenstates of the Hamiltonian. Importantly, AC magnetic
fields can induce all the transitions between these three states, as we will describe latter. This is a
stark contrast with the case when |1〉, | − 1〉, and |0〉 are the energy eigenstates when the applied
magnetic field is parallel to the NV axis, which was typically adopted in the previous experiments
where we cannot induce the transition between |1〉 and | − 1〉 by applying AC magnetic fields.
We describe the theory about how all transitions between ground state manifolds of NV centers
can be controlled by applying AC magnetic fields. Here, let us consider a case to apply a DC
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magnetic field orthogonal to the NV axis. The Hamiltonian of the NV center with the magnetic
field orthogonal to the NV axis[34] is described as
HNV = DSˆ
2
z + Ex
(
Sˆ2x − Sˆ2y
)
+ Ey
(
Sˆx Sˆy + Sˆy Sˆx
)
+ gµ,b Bx Sˆx,
(1)
where Sˆ is the spin-1 operator of the electronic spin; D is the zero-field splitting; Ex and Ey are the
strains along the x and y directions, respectively; gµbBx is the Zeeman splitting. The x direction
of the NV center is defined as the direction of the applied magnetic field, without loss of generality.
Under the condition D ≫ gµbBx ≫ Ey, we can simplify the Hamiltonian as follows.
HNV ≃ D′Sˆ2z + E ′x
(
Sˆ2x − Sˆ2y
)
, (2)
D′ = D +
3
2
(gµbBx)2
D + Ex
(3)
E ′x = Ex +
1
2
(gµbBx)2
D + Ex
(4)
The eigenstate of the Hamiltonian in Eq. 2 is described as |0〉,|B〉 = 1√
2
(|1〉 + | − 1〉), and
|D〉 = 1√
2
(|1〉 − | − 1〉). We can control all the transitions between the ground state manifolds of
NV centers by applying microwaves and radio frequency fields as follows. The Hamiltonian of the
NV center with external magnetic driving fields in our system is given by
H = HNV + Hex
Hex =
∑
j=x,y,z
γeB
( j)
MW
Sˆ j cos (ωMWt) + γeB( j)RFSˆ j cos (ωRFt), (5)
where γe is the gyromagnetic ratio of the electron spin; BMW and BRF are the amplitudes of the
microwave and RF fields, respectively; ωMW and ωRF are the driving frequencies of the MW and
RF, respectively. To control the transition between |0〉 and |B〉 (|D〉), we can usemicrowave driving,
as demonstrated in [18]. In a rotating frame with U = −ωMW |0〉〈0|, the effective Hamiltonian is
H ≃ (D − ωMW + Ex)|B〉〈B |
+ (D − ωMW − Ex)|D〉〈D |
+
1
2
γeB
(x)
MW
(|B〉〈0| + |0〉〈B |)
+ i 1
2
γeB
(y)
MW
(|D〉〈0| + |0〉〈D |). (6)
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where we assume that BMW , 0 and BRF = 0; thus, we can induce Rabi oscillations between |0〉
and |B〉 (|D〉) using resonant microwave pulses with ωMW = D + Ex (ωMW = D − Ex).
Moreover, we can control the transition between |B〉 and |D〉 using radio frequency pulses. In
a rotating frame with U = 1
2
ωRF |B〉〈B | − 12ωRF |D〉〈D |, the effective Hamiltonian is
H ≃ (D − ωMW + Ex − 1
2
ωRF)|B〉〈B |
+ (D − ωMW − Ex +
1
2
ωRF)|D〉〈D |
+
1
2
γeB
(z)
RF
(|B〉〈D | + |D〉〈B |)
(7)
where we assume that BMW = 0 and BRF , 0; thus, we can induce the coherent oscillation between
|B〉 and |D〉 with ωRF = 2Ex . To our best knowledge, such an experiment to induce the Rabi
oscillation between |B〉 and |D〉 was not reported before.
We experimentally demonstrate the control of all transitions between ground state manifolds
of the NV centers by magnetic driving fields at room temperature. Our experiment is performed
with the same setup and sample as those in Ref. [34]. Importantly, although an ensemble of NV
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FIG. 2. Pulse sequence of CW-ODMR without RF fields and CW-ODMR spectrum with and without RF
fields under a magnetic field orthogonal to an NV axis.
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centers is used in our experiment, we can, in principle, perform the same experiment using a single
NV center. First, we measured the optically detected magnetic resonance (ODMR) spectra under
simultaneously applied continuous-wave MW and RF fields, as illustrated in Fig. 2. In the case
without RF fields, two dips are observed in Fig. 2 by sweeping the frequency of MW fields, which
correspond to the transitions from |0〉 to |B〉 or |D〉. As a result, the resonance frequency between
|0〉 and |B〉(|D〉) is estimated to be 2.8768 GHz (2.8847 GHz). From these values, we determined
the resonance frequency between |B〉 and |D〉, which was estimated to be approximately 7.9 MHz.
Furthermore, we measured the CW-ODMR spectrum by applying the RF field with an approximate
frequency of 7.9 MHz. As illustrated in Fig. 2, we detected four dips–a clear evidence of the
coherent coupling between the RF fields and the transition between |B〉 and |D〉. The splitting of
each dip corresponds to the AT splitting induced by the RF fields. Secondly, we demonstrated Rabi
oscillations between |0〉 and |D〉 (|B〉) by applying pulse MW fields. As illustrated in Fig. 3, clear
Rabi oscillations can be observed by sweeping the pulse duration of MW fields with a resonant
frequency between |0〉 and |D〉 (|B〉). The results confirm the pi rotation between |0〉 and |B〉 (|D〉)
with a pulse duration of about 210 ns.
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FIG. 3. Pulse sequences and Rabi oscillations between |0〉 and |B〉(|D〉) by applying resonant MW fields.
The green plots corresponds to the Rabi oscillations between |0〉 and |D〉.The red plots corresponds to the
Rabi oscillations between |0〉 and |B〉
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FIG. 4. Rabi osciiltion between |B〉 and |D〉 by resonant RF fields. (a) sequence (b) experimental Rabi
oscilation. Rabi oscillations between |B〉 and |D〉 by resonant RF fields for various (c) intensities and
frequencies of RF fields. The figures on the left and right present the experimental results and theoretical
calculations, respectively.
Finally, we demonstrated the Rabi oscillations between |B〉 and |D〉. The pulse sequence is
presented in Fig. 4(a). It is worth mentioning that the photoluminescence from the state of |D〉
is the same as that from the state of |B〉. Thus, to read out the state of |B〉, we shall convert the
population of |B〉 into |0〉 by a applying a MW pi pulse and then read out the state of |0〉. The
sequence of Rabi oscillations between |B〉 and |D〉 is as follows. First, we initialize the NV centers
by a green laser, and the state is prepared in |0〉. Second, we apply the pi pulse to completely
transition from |0〉 to |B〉. Third, we implement the RF pulse, where its duration is swept. Finally,
we read-out the state of |B〉 by applying the MW pi and laser pulses. These experimental results are
presented in Fig. 4(b). A clear oscillation can be observed, which confirms the coherent transition
between the |B〉 and |D〉 states by applying an external magnetic field by the RF pulse. Therefore,
we observed all the transitions between the ground state manifolds by applying an external AC
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magnetic field under a DC magnetic field orthogonal to the NV axis. Furthermore, we measured
the |B〉-|D〉 Rabi oscillations for different frequencies and intensities of the applied RF pulses, as
presented in Fig. 4(c). In the theory, the population difference, w, between |B〉 and |D〉 is given by
w(t;∆) = −1 +
2(γeB(z)AC)2
(γeB(z)AC)2 + ∆2
sin2
√
(γeB(z)AC)2 + ∆2
t
2
(8)
where ∆ is detuning from resonance frequency. This analytical result as shown in Fig. 4(c) is
consistent with the experimental result.
In conclusion, we demonstrated the control of the three transitions among the ground state
sublevels of the NV centers by applying external magnetic driving fields and observing the Rabi
oscillations between all the transitions. Our technique is significantly simpler than those of
previous reports where the mechanical vibration is required to perform quantum manipulation
of all the transitions. Owing to the simplicity of our scheme, our results pave the way for the
exploitation of the full potential of a spin 1 system.
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